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METHOD FOR STUDYING HELICOPTER LONGITUDINAL MANEUVER STABILITY i 

By Kenneth B. Amer 


SUMMARY 

Because of the importance of satisfactory maneuver stability 
for helicopter contact and instrument flying, a theoretical 
analysis of maneuver stability has been made. The resiUts of 
the analysis are presented in the form of a chart which contains 
a boundary line separating combinations of significant longi- 
tudinal stability derivatives that result in satisfactory maneuver 
stability from. co 7 nbi nations that result in unsatisfactory maneu- 
ver stability, according to the criterion of NACA Technical 
Note 1983. 

Good correlation is indicated for both a single-rotor helicopter 
and a tandem-rotor helicopter between maneuver stability as 
predicted by the chart and as measured during pull-up maneu- 
vers. Thus, the theoretical analysis is indicated to be valid. 

Techniques for measuring stability derivatives in flight are 
described. These derivatives are for use with the chart presented 
herein to aid in design studies of means for achieving at least 
marginal maneuver stability for a prototype helicopter or for a 
helicoj^ter in the design stage that is similar to helicopters 
already fiying. 

In predicting the maneuver stability of a new type of heli- 
copter, the stability derivatives J or use with the chart presented 
herein must be theoretically predicted. The problem remains of 
predicting these derivatives with the desired accuracy where 
significant amounts of rotor stalling are present. 

INTRODUCTION 

The expanding uses of the helicopter in both military and 
civilian fields are emphasizino the need for satisfactory flying 
qualities under both contact and instrument conditions. In 
reference 1 is brought out the importance in forward flight 
under contact conditions of satisfactory maneuver stability, 
that is, no divergent tendenc\' in pitch. In reference 2, 
blind-flying trials conducted in a single-rotor helicopter are 
reported, and it is concluded that ^‘Changing the maneuver 
stability from unsatisfactory to satisfactory markedly re- 
duced the effort required of the pilot to maintain a given 
flight path under instrument conditions. In addition, the 
danger due to divergent tendencies was removed.’^ A cri- 
terion for maneuver stability is presented in reference 3, 
based on flying-qualities studies of single-rotor helicopters. 
vSubsequent studies on a tandem helicopter indicated this 
ctiterion to be generally applicable to tandem helicopters. 
The criterion as given in reference 3 is worded as follows: 

When the longitudinal control stick is suddenly dis- 


placed rearward 1 inch from trim (while in level flight 
at the maximum placard speed) and held fixed at this 
displacement, the time history of normal acceleration 
shall become concave downward within 2 seconds fol- 
lowing the start of the maneuver. 

It should be noted that the phrase ^‘concave downward 
within 2 seconds’^ in this criterion refers to tlio slope of the 
normal-acceleration curve, that is, the slope shall reach its 
maximum value and begin to decrease within the given time 
interval. The significance of this criterion is that it calls for 
evidence, within 2 seconds, of the eventual peaking of the 
normal acceleration time history. 

Variations in control sensitivity of newer helicopters may 
warrant a change from the simple ‘‘one inch’’ in the originally 
suggested criterion to some more complex phraseology. 
(The current military specification of reference 4 adds the 
word “approximately.”) Other increases in complexity of 
the criterion are also indicated by recent tests as warranting 
consideration. Such changes, however, are beyond the scope 
of this report, and the changes, if made, are not expected to 
affect the usefulness of the theoretical treatment presented 
herein. 

This criterion, in somewhat modified form, is now fre- 
quently found in requirements and specifications supplied to 
designers by using agencies. Tins report is accordingly 
presented in order to provide a basis for designers and the 
procurement agencies to use in studying the maneuver 
stability of a prospective helicopter. 

The report is divided into two parts. Part 1 is an analytical 
study of maneuver stability from which a chart is derived 
shovv'ing combinations of pertinent stability derivatives 
which result in a normal-acceleration time history that rep- 
resents a case of marginal maneuver stability. Also in part 
I, the validity of the chart is checked against experimental 
data for both a single-rotor and a tandem-rotor helicopter. 

In order to make use of the chart presented herein, the 
significant longitudinal-stability derivatives of the helicopter 
must be either theoretically predicted or measured. In part 
11 of this report, the difficulty of theoreticaly predicting the 
derivatives for this purpose is discussed and techniques for 
making flight measurements of stability derivatives are de- 
scribed. The mathematical manipulations needed to obtain 
the derivatives from flight data for use in the previous com- 
parison are performed; thus, sample calculations are provided. 


* Supersede.s NACA TN 3022, “Method for Stuclyinj, Helicopter Longitudinal Maneuver Stability” by Kenneth B. Ainer, 195.3. 


1 


KEPOHT 1200 NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


SYMBOLS 

(•ooflicionls of —cos xp and —sin xp, respectively, in 
expression for O; therefore, lateral and lono-itudinal 
evelie piteli, l•es])eetively, iineorreeted for blade and 
eontrol-systein distortion, or automatic control 
devices, radians 

lon^-itudinal tilt of rotor cone, radians 
])rojection of angle between rotor force vector and 
axis of no feathering: in plane containing lligbt j)atli 
and axis of no feathering (for discussion of sig- 
nificance' of axis of no featlu'ring, S(‘(‘ appe'iidix of 
ref. o) 

i-eal part of conjugate complex roots of chai’acteristic 
ecpiation (denominator of eep ( 23 ) set ecjual to 
zero) 

number of blades per rotor: also, imaginarv part of 
conjugate com|)lex roots of characteristic equation 
(denominator of e([. ( 23 ) set ecjual to zero) 

(lu-usl cocmcionl, 

blade-section chord, ft; also, bll where b is imaginary 
part of complex root of characteristic eciuation 

(Hiuivalent blade chord (on thrust basis), ; ft 

J. 

])erpendicular distance between rotor shafts of a 
tandem helicopter, ft 

offset of center line of flai)])ing hinge from center line 
of rotor shaft, ft 

force exerted by rotor blade on flai)])ing hinge due to 
centrifugal acceleration, lb 
acceleration due to gravity, 32.2 ft/sec^ 
height of rotor hub(s) above center of gi-avity, ft 
helico])ter pitching moment of inertia al)out centc'r of 
gravity, slug-ft^ 

incidence of ])lane ])erpendicular to rotoi* shaft, 
radians; also, ^ — 1 
lift, positive u])ward, lb 

])itching moment about center of gravity, j)ositive 
nose-up, ll)-ft 

increment in noianal acceleration from trim value, 
(/ units 

helicoi)ter pitching velocity, radians/sec 
blade radius, ft 

radial distance to blade element, ft 
La])lace transform i)arameter 
rotor thrust, lb 
time 

true airspeed of helico])ter along flight path, fps 
induced inflow velocity at rotor (always positive), fps 
gross weight of helicoptei’, lb 

rotor angle of attack; angle between flight path 
and plane j)eri)endicular to axis of no feathering, 
positive when axis is inclined rearward, uncorrected 
for blade and control-system distoi'tion, 8^, or 
automatic control devices, radians 


af fuselage angle of attack, angle of attack ol plane 
perpendicular to rotoi* shaft, radians 

7 angle of climb, radians 

A,S increment 

6.S angle in plane of rotation between perpendiculai* to 

blade-span axis and flapi)ing-hinge axis, ])ositive 
when an increase in Happing ])roduces a decrease 
in blade i)itch 

0 instantaneous blade-section pitch angle; angle be- 

tween line of zero lift of blade section and plane 
perpendicular to rotor shaft, uncorrected for blade 
and control-system distortion, 63, or automatic 
control devices, 0 — .li cos xp — /n sin xp, radians 
d collective i)itch, average value of 0 around azimuth, 

uncorrected for blade and control-system distor- 
tion, 8:u or automatic control devices, radians 
X inflow ratio, (T"sin a — r)/i2li 

jjL ti|)-sj)(‘ed ratio, K cos a/il/x (assumed (‘(pial to 

p mass density of aii-, slugs/cu ft 

(T rotor solidity, bcdTrli 

xp blade azimuth angle measured from downwind 

])osition in direction of rotation, radians 
12 rotor angular velocity, radians/sec 

dAd ratio of differential collective i)itch to cyclic ])itch 
d/h due to longitudinal stick motion rigged into 

tandem helicopter 
vSt ability deidvatives : 

Stability derivatives are indicated by subscrij)t notation; 

for (‘xample, La=\^-' Thev are defined as follows: 

Oa 

L/a~ L<a 

Lq=LqdrLedq— 

Tfq^ Mq+Me (1 -/To 

A/a=(d/a)r“kd/00a+ B [ji f o) t 

^ Laly 

Sul)scrii)ts: 
r rotor 

/' fuselage 

t tail 

c control motion during measurement of stability 

derivatives 

]) pilot’s control motion in pull-up maneuver 

0 trim or original value 

1 modified flight condition at increased angle of attack 

tri measured 

Su])(‘rscripts: 

( ) including (‘fleets of blade and control-system distor- 
tion, 63, and automatic conti-ol devices 

(•) <im 
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I. ANALYTICAL PHASE OF MANEUVER-STABILITY 

STUDY 

In this part of the report, the equations of motion appli- 
eahle to the pull-up maneuver aj*e (Iej*ived and solved and 
the assumptions involved are discussed. Then the ])roce- 
dure involved in deriving the maneuver-stability chart is 
discussed and the chart is presented. From study of the 
chart, the stability derivatives that have a significant effect 
on maneuvei- stability ai’c deduced. Finally, the validity of 
the chart is checked by a comparison, for both a single-intor 
and a tandem-rotor helicopter, of maneuver stability as 
predicted by the chart and as measured during; pull-up 
maneuvers. The stability derivatives for use in this com- 
parison are obtained from flight data by techniciues described 
in part 11 of this report. 

THEORETICAL ANALYSIS 

In this section, the equations of motion a])plicab]e to the 
pull-u]) maneuvei- will be derived and solved. 

ASSUMPTIONS 

Constant forward speed. -The assum])tion is made that 
the forward speed remains constant during the pull-uj) 
maneuver. This assum])tion, which is used in equivalent 
analyses for aii*i)lanes, is conservative if the helicopter is 
stable with speed. The actual reduction in speed which 
occurs would produce a nose-dovm moment and a reduction 
in thrust. Both of these factors would tend to cause the 
normal-acceleration time history to become concave down- 
ward sooner. Thus, the assumption of no speed change is 
always conservative for heli(‘opters with positive speed 
stability. 

For other uses of the equations of motion, such as in 
studies of the long-period oscillation or in certain autopilot 
studies, it would be necessarv to include the effects of varia- 
tions in speed. 

Small displacements, initial flight-path level. -As in 
equivalent analyses for aii‘i)lanes, the assumptions are made 
that the displacements from tilm are small and the ti'ini 
condition is in level flight. 

Constant rotor speed. -Although the tendency exists for 
the rotor speed to increase during a pull-up, the assumption 
is made that the rotor speed is constant. A samj)le investi- 
gation of this assumption, which is discussed in the appendix, 
has indicated a resulting change of about O.Oo second in the 
time for the time history of normal acceleration to become 
concave downward. Also, future helicopters are likely to be 
equipped with governors to assist the pilot in preventing the 
rotor speed from exceeding the maximum allowable and to 
help limit maximum load factors. If a throttle-type gov- 
ernor is used, no corrections to the stability derivatives are 
necessary. If a ])itch-type governor is used, corrections to 
the stal)ility derivatives to account for the j)itch change 
would be necessarv. However, these corrections are felt to 
be beyond the scope of this report. 

Quasi-static conditions. — The assumption is made that 
the dynamic maneuver can l)e represented by a series of 
static conditions and hence the blade flapping coefficients 


and the I'otor inflow and downwash velocities are always at 
their equilibrium values, determined by the instantaneous 
values of a, 6, ix, and q. Inasmuch as the order of magnitude 
of the time interval for the change in flight (‘ondition is 2 
seconds, it is felt that the assumptions are justified except 
perhaps the flapping assumption for blades having a very 
low mass factor or very low flapping stability. For such 
blades, the need for considering the liap])ing as an additional 
degree of freedom would have to be investigated. 

Foi* other uses of the ecpiations of motion, such as for 
autopilot studies, these quasi-static assumptions might not 
be valid at the higher end of the significant frequency range. 

Lift due to elevator deflection neglected. -Where a heli- 
copter is equij)ped with an elevatoi* that moves with the 
longitudinal control, the change in lift due to elevator 
deflection is neglected. 

Lift of fuselage and tail depend upon rotor angle of at- 
tack. —It will be assumed that the change in lift of the 
fuselage and tail is dependent upon ciianges in j'otor angle of 
attack. A small error arises because the change in fuselage 
angle of attack diflers from the change in rotor angle of 
attack by an amount eipial to the change in longitudinal 
cyclic pitch. However, this error is insignificant inasmuch 
as the lift-curve slope of tiie fuselage and tail is considerably 
smaller than the lift-curve slope of the rotor. 

Constant stability derivatives. — In order to solve the 
equations of motion by feasible methods, it is necessarv to 
assume that the stability derivatives are constant during the 
pull-up maneuver. Failure to make this assumption would 
result in nonlinear differential equations, which are ex- 
tremely tedious and difficult to solve. Actually, the deriva- 
tive bMjba does change during the maneuver because of 
nonlinearities as explained in reference 6. The derivative 
dM'da as well as the other derivatives also varies during the 
maneuver if significant stalling occurs. Similarly, the 
derivatives also vary with the magnitude of the control 
deflection used to produce the maneuver. In order to handle 
these variations approximately, it might be assumed that 
the 1-inch stick deflection called for in the maneuver- 
stability criterion produces 1° of longitudinal cyclic pitch 
and results in a pull-up of OAg acceleration increment. 
Then, the stability derivatives can either be computed 
at \.2g or by taking increments over the range from ] .Og 
to 1.4^. Also, they should be computed with the assump- 
tion that the 1° cyclic pitch change has already occurred. 

Effects of blade and control-system distortion, 63, and 
automatic control devices accounted for by Bi and 6 deriva- 
tives. —It will be assumed that the effects of blade distortion, 
63, and automatic control devices can bejiccounted for by 
derivajives of longitudinal cyclic pitch /h and collective 
j)itch 6 with respect to rotor angle of attack a and pitching 
velocity q. 

EOUATIONS OF MOTION 

A system of axes based on the flight path is used. The 
equations of motion are derived on the basis of the pre- 
viously discussed assumptions, one equation for equilibrium 
normal to the flight patch, and one for equilibi-ium in pitch. 
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Only clian^os in force and moment from trim values are 
considered. 

Equilibrium normal to flight path. The forces acting 
normal to the flight path during the pull-up maneuver are 
the changes in lift acting upward and the centrifugal inertia 
force due to the curved flight path acting downward. 
Thus, 

— 7 = 0 (1) 


or 


y~^yyLqq ^yyL~e^B 0 


(2) 


From the definitions of Aa and Aa and from the assumptions, 
Aa = Aa — /^i-Aa — /^i^ry 

where I^\— and B\ are due to blade twist, 63, and automatic 

Q 

control devices. 

Solving for Aa and dAa/dAo: yields 


and 


Aa B\q(J 

1+/7- 


dAo: 1 

1 + 7^1- 


(;5) 


( 4 ) 


Also, with the assumption of no cliangc in pilot’s pitcli- 
lovor position 

'^e=~ez^a+~d,q (5) 

wlu're 5s and 5, arc also due to blade twist, 63, and automatie 
control devices. Substituting equation (;i) into equation 
(5) yields 

Substituting equations (:i), (4), and (0) into equation (2) 


gives 

7 y-yLaAoL ^yyLqq 0 

(7) 

where' 

Y Le&^-\-La t-2 \T 

j^a — ■ -T- — T“i-a 

(8) 


1+/^1- 

and 




Lq=Lq + Ledq-] , ~=Lq-]- Ledq— H i^(Le6a + La) 


\+By 




The first form of the expressions for La and Lq is approjiriate 
for computing ])urposes, while the second form is a])i)ropriate 
for full-scale measuring purposes. 


Equilibrium in pitch. -There are five ])itching moments 
acting during the maneuver. These are moments due to 
collective-pitch change, damping in pitch, angle-of-attack 
stability of rotor and fuselage-tail combination, control 
displacement, and inertia. 

Thus, 

Me A^ + d///+(d/a)r Aa+ (d/a)/4.^Ao:/-hd/^j A/^ — /}T/ = 0 

( 10 ) 

The terms Me Ad, M^q, and (A/«), Aa account for the 
pitching moments due to thrust-vector and tip-path-plane 
tilts with respect to the axis of no feathering. The term 
Ma^ accounts for pitching moments due to a tilt of the 
axis of no feathering with resjiect to the rotor shaft. In- 
asmuch as 

Aa/= Aa + A/>h (11) 

eciuation (10) can he written as follows: 




'‘~ ]y /7 ly ly 


Also, by assumption, 

= + B\- ^a + B\ q 


\B, 

( 12 ) 

(Id) 


No bar is ])laccd above llic term because changes in 

Bi^ due to twist, and so forth, are included in the Bi- term. 
Combining equations (8) and (Id) yields 


_ Bi Aa Bx-BiO _ 


(14) 


Substituting equations (3), (4), (0), and (14) into equation 
(12) gives 

<z— Aa=^ A/f , (1 5) 

i r ly J y 

wdiere _ 

=A/,+.\/j(5,-5„7i,^)-ThyU,+.\/77TXi 

— (.\fa)r + -^feh+ B,-MTix , 

Ma= = 

1 T />i- 
'a 

= (.\/a), + d/j5a+/fl7-^«ld"l4/„)/+, (1 7) 

7v, = .\/7, + (d7),+ , (18) 

As for and the first form of the e.xpressions for M, and 
Tfa is a])i)ro])riate for com])uting purposes, while the second 
form is approi)riate for measuring jmrposes. 
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Equation relating Aa, 7, and q . — Imisnuich as the two 
equations of motion, equations (7) and (15), contain three 
variables, a third equation must he developed before a 
solution can be obtained. From examination of figure 1 it 
can be seen that, for the pull-uj) maneuver, 


therefore 


or 


Ao: = Ai — At — A/b 

' ^ p 

= J gr// — At— A/ b^ 

SOLUTION OF EQUATIONS OF MOTION 


(19) 


Procedure. -Kejuations (7), (15), and (19) constitute three 
simultaneous equations with three dependent variables a, 
g, and y and an input variahle A/b^. They are solved here 
hy means of the Laplace transformation for y as a function 
of time for a step input of /b^, simulating a pull-up maneuver. 
Inasmuch as 


then 


r d7 
Sn=— ^ 
(f of 


dAn_V ^7 
dt (/ dB 


m 


(21) 


Thus, the solution for y will he difierentiated twice and 
multiplied by V/q to get dAn/df inasmuch as the point at 
which the normal-acceleration time history becomes con- 
cave downward corresponds to a point of maximum slope 
dAn/df. Then combinations of the stability derivatives 
which give maximum 5A7?/d/ at f = 2 seconds will be deter- 
mined by iteration. The alternative procedure was con- 


' Perpendicular to 
axis of no feathering 



Figure 1. — Relation between rotor angle of attack, rotor-shaft inci- 
dence, angle of climb, and longitudinal cyclic pitch. All angles 
shown are positive. Axis of no feathering is uncorrected for blade 
and control-system distortion, 83, or auto?natic control devices. 


sidered of differentiating the solution once more to get 
d'An/dB and determining the combination of stability 
derivatives to give d'^An/df'=0 at t = 2 seconds. How- 
ever, the alternative iirocedure did not appear to be superior 
to the first procedure discussed. 

Laplace transformations of equations.^ — Taking the La- 
place transform of equations (7), (15), and (19) by means of 
the table of transforms in reference 7 results in the following 
set of equations: 


*S*7(6‘) -^-</g('^) r Aq:(s) — 0 




I Y ^ 




+ Aa{s) 


A/B 


( 22 ) 


Equations (22) constitute a set of simultaneous algebraic 
equations which can be solved for t(-^) by means of deter- 
minants. Thus, 


Ki 

ly S ' 




P 


7{s)-- 


— , •— L 

u 


in 

Tl, 

Ti„ 

ly 

ly 

1 


s 

1 



<1 

irr ’ 

in 



/>• 

ly 


(23) 


1 


1 


Solution for SAn dt. — The expression for y{s) was expanded 
and split up by partial fractions. Then the inverse trans- 
form was taken to get 7(f) by using once again the table of 
transforms of reference 7. Then, with the use of equation 
(21), the following expression was obtained: 


dAn/dt 


-aibljw 

where 

Z,//v, JTa 




(^- /.y rl 


(24) 


(25) 
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or (considoi’in^ tlio usual magnitude of the terms) 


E 


h 

L. 


Jy 


and a ±bi arc tlic I'oots of tlic equation formed by setting the denominator of equation (23) equal to zero (eharacter- 
istie e(juation) and can be |)ut into the following form: 


. 1 /, 



(2ti) 


and 




(27) 


If h is imagiiiarv (eharaeteristie eciuation lias real roots), 
eciuation (24) can he put into more eonvenient form bv 
letting b = ic. Then, by use of the relations between trigo- 
nometrie and hyperbolie functions, 

MANEUVER-STABILITY CHART 

In tliis section a chart will be derived which indicates the 
combinations of stability derivatives which produce marginal 
maneuver stability. 

SIGNIFICANT STABILITY DERIVATIVES 

Examination of equations (24) to (28) indicates the follow- 
ing parameters to affect the time for the normal-acceleration 
time history to become concave downward: 



g 

in 




ly 


Calculations indicate the parameter AV^r, which depends 
pi'imarilv on control ])ower, to be of only minor importance. 
The significance of the three remaining parameters can be 
better appreciated by sim])lifying to the case of 


and La 


, , ^^a Ma 

The three parameters then liecome -y i j 

ly 1 Y 

Thus, maneuver stability is indicated to be a function of 
damping in pitch and angle-ol-attack stability as discussed 
in reference 1, of the moment of inertia in ])itch, of the lift- 
curve slope, and of the lift due to pitching of the helicopter. 


CALCULATION PROCEDURE 

The procedure for calculating the desired combinations of 
stability derivatives is based on the reasonable assumption 


that if Aa is maximum at f — 2 seconds (A/? curve concave 
downward at 2 seconds), then A// at f= 1 .95 se(*onds is equal to 

A/; at / = 2.05 seconds. Values of h, Kijly, and ^^y La + K 


were assumed and values of 


in 


-iByLJW 


^=— — ;at /=1.95 seconds 


and ^ = 2.05 seconds were calculati'd for two arbitrary values 


)f fi-Qui (Hpiation (2(>) and then eipiation (24) oi’ (28). 


h 


A first approximation to the correct value of “''+A was 

i Y 

obtained by interiiolation or extrapolation of the percentage 


lerence 


A/q = 2.o.5 Aa/> = i . (jr, 


ihf- 


(29) 


1.95 


corresponding to each of the two values of Th 


IS 


first approximation of \ ^-\-E was inserted back into equation 
E' 

(2()) and then (24) or (28) and the interpolation procedure 
was repeated. This iteration process was continued until 
the (piantity given by expression (29) was less than 0.01, so 
that the percentage difference in slopes at f = 2.05 and 
/=1.9o was less than 1 jiercent. Then, the corresponding 
value of the parameter 



was obtained from equation (27). 

As mentioned previously, the parameter Ai//y, which 
depends primarily upon control power, was indicated to be 
of only minor importance. Thus, for simplicity, it was 
decided that only the most unfavorable value of Kijly would 
be used. Sample calculations indicated a reduction in 
Ai//r to be mildly unfavorable. Thus, a value approxi- 
mately one-half that of a typical present-day helicopter was 
used throughout the calculations. 


FORM OF CHART 


In figure 2 are presented plots of the parameter 
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against the parameter for various values of the j)arameter + A' obtained from the previously described ])ro- 

cedure. As discussed in reference 1, increases in angle-of-attack stability or in damping in pitch (more negative 37a or 37^) 
improve maneuver stability. Thus, for each value of La + E, the region below and to the left of the curve is satisfactory. 

Figure 2 indicates an increase of La, which is the lift-curve slope, to be stabilizing in that an increasing satisfactory region 
exists for increasing values of the parameter. In addition, figure 2 shows an increase in pitching moment of inertia ly to be 
destabilizing. 

Figure 2 is not in a very convenient form because of the overlapping regions of satisfactory and unsatisfactoiy maneuver 
stability for the different values of the lift-curve-slope parameter. 

It was noted that, for a given value of the damping-in-pitch parameter, the value of the angle-of-attack stability param- 
eter was approximately proportional to the lift-curve-slope parameter. Hence, it was found, by trial and error, that if the 
angle-of-attack stability parameter of figure 2 were modified to the parameter 


ly 


(' 


-in- i-HiA- *•+*) * (f+«V'»(^+«y 


in 


■/t. La + E 


a single boundary curve would be produced. 

In figure 3 is presented an alternate form of chart using 
this modified angle-of-attack stability parameter. The 
single curve of figure 3 represents approximately the entire 
range of lift-curve slope covered in figure 2. Thus, figure 3, 
although somewhat less accurate than figure 2, is considered 
to be a more convenient form of chart to use. 

COMPARISON OF MANEUVER STABILITY AS MEASURED IN 

FLIGHT WITH PREDICTIONS OF CHART OF THIS REPORT 

In order to check the validity of the procedure used to 
obtain the chart presented herein, comparison is made of 
maneuver stability as measured in flight with predictions of 
the chart of tliis report. The stal)ility derivatives for use 
with the chart are determined in part II of this report. The 
comparison is made for the single-rotor helicopter of figure 4 
with and without a horizontal tail surface, and for the 
tandem-rotor helicopter of figure 5 in two different flight 
conditions. The horizontal tail used on the single-rotor 
helicopter is shown in figure (3 and its principal dimensions 
are given in figure 7. 

In figure 8 are presented time histories of control position 
and normal acceleration during pull-up maneuvers at approx- 
imately 70 knots indicated airspeed. Figures 8 (a) and 8 (b) 
are for the single-rotor helicopter of figure 4 in level flight 
with tail surface off and on at 0° incidence witli respect to 
the rotor shaft, respectively. Figures 8 (c) and 8 (d) are 
for the tandem-rotor helicopter of figure 5 in level flight and 
partial-power descent, respectively, with the center of 
gravity 13 inches forward of the midpoint between the rotor 
shafts. 

The data from which the normal-acceleration time histories 
of figures 8 (a) and 8 (b) were obtained were similar to those 
shown in figures 8 (c) and 8 (d). The normal accelerometer 
reflects the vibration of the helicopter which necessitates 
fairing the data as indicated in figures 8 (c) and 8 (d). The 
result is some inaccuracy in determining the time for the 
normal-acceleration time history to become concave down- 
ward but the error is not considered serious. 


In figure 9, the theoretical curve of figure 3 is replotted 
along with six data points, four of them corresponding to the 
four helicopter configurations for which i)ull-up time histories 
are presented in figure 8 and for which stability derivatives 
are computed in part II of this report. Adjacent to each of 
these four points is given the approximate time for the 
corresponding normal-acceleration time history of figure 8 to 
become concave downward. The time history of normal 
acceleration of figure 8 (a) is divergent throughout and the 
corresponding data point in figure 9 is labeled accordingly. 

Two additional data points are jilotted in figure 9. One 
data point is for the single-rotor helicopter with tail on, but 
with a tail-incidence setting of 7° nose up. It was assumed 
that this change in tail setting did not change La or from 
the value for the configuration with 0° tail incidence. The 
effect on Ma due to the change in down load on the tail 
surface was estimated theoreticall}^ The second additional 
data point is for the tandem helicopter in level flight but with 
approximate!}^ 5 percent higlier thrust coefficient than for 



Figure 2. — Damping-in-pitch parameter plotted against angle-of- 
attack stability parameter for various values of lift-curve-slope 


parameter for marginal maneuver .stability. 
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Fkjurk 3. — I)anij)ing-iM-])itc*h paranu‘t(‘r i)lott(‘d a»;ainst modifii'd 
ansl(‘-of-att ack si ability parainot t*r for niar^>;inal maiKMiv(‘r stabilit y. 

I,. ^'y ' 



Fkiuhk 4. — Sinj»;l(‘-rotor h(*lic*opt(*r studied. 


lli(‘ pluvious level-flight eondilion and with the center of 
gravity approximately at the midpoint between the rotors. 
1dte edeet of the eenter-of-gravity change on the value of 
J7„ for the previous level-flight condition was computed 
theoretically, changes in due to changes in rear-rotor 
stalling being neglected. The slight effect of the 5-percent 
increase' in thrust coefficient on and Mq was also comjiuted 
tlu'oretically, effects of changes in rear-rotor stalling being 
neglected. The times for the corresponding normal-accelera- 
tion time histories to become concave downward were 
obtained from time histories similar to those in figure H and 
an' given adjacent to each point. 



L-70642i 

ITcritio 5. — Tandem-rotor lu‘lieop((‘r studied. 



Fku rk (). — Hijdane tail surface us(‘d to vary anj^le-of-at tack stability 
of single- rot or h(4icopter. 



Fkjure 7. — Location and principal dimensions of biplane tail surface 
used to vary angle-of-attack stability of single- rotor helicopter. 
Angle of incidence of tail surface is 0° or 7° relativ'e to ])lane normal 
to rotor-shaft axis. 

The theoretical curve of figure 9 (and hence of fig. 3) is 
indicated to be qualitatively correct for both single-rotor 
and tandem-rotor helicopters in separating configurations 
which have satisfactory maneuver stability according to the 
criterion of reference 3 from those which have unsatisfactory 
maneuver stability. This can be seen by noting that tlu' 
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(a) Single- rot or helicopter, level flight, tail ofi*. 

(b) Single-rotor helicopter, level flight, tail on at 0°. 

FinuRE 8. — Time histories of pull-up maneuvers for test helicopters at 

approximately 70 knots. 


(c) Tandem-rotor helicopter, forward center of gravity, level flight. 

(d) Tandem-rotor helicopter, forward center of gravity, partial-power 

descent. 

Figure 8. — Concluded. 


points for which the normal-acceleration time history be- 
comes concave downward in less than 2 seconds fall in the 
satisfactory region while those for times to become concave 
downward of more than 2 seconds fall in the unsatisfactory 
region. Thus, the analytical procedure used to obtain the 
chart of figure 9 (and fig. 3) is indicated to be valid. 

II. FLIGHT MEASUREMENT OF LONGITUDINAL- 
STABILITY DERIVATIVES 

In order to make use of the chart presented herein for 
evaluating the maneuver stability of a prospective helicopter, 
the significant longitudinal-stability derivatives of the heli- 
copter must either be theoretically predicted or measured. 
For a new type of helicopter in the design stage, it would be 
necessary to compute the longitudinal-stability derivatives 
of the design. If no stalling is present, the derivatives of the | 
rotor can be predicted on the basis of the available rotor | 
theory of references 8 to 10. However, it is usually necessary | 


to take account of rotor stalling because, as pointed out in 
several previous NACA papers (see, for example, ref. 11), 
the optimum fliglit condition from the standpoint of per- 
formance is approximately that at which stalling just 
begins. A helicopter designed to fly near this optimum 
condition in cruising flight would always encounter rotor 
stalling during a pull-up at cruising speed or liiglier. 

Preliminary studies indicate large effects of rotor stalling 
on longitudinal-stability derivatives. Thus, in evaluating 
the maneuver stability of a new type of helicopter in the 
design stage, these stalling effects must be known, at least 
approximately, before the rotor longitudinal-stability deriva- 
tives can be computed and use made of the chart presented 
herein. More detailed discussion of the effects of stalling on 
rotor longitudinal-stability derivatives is beyond tlie scope 
of this report. 

For a prototype helicopter that is in the fliglit-test stage, 
or for a helicopter in the design stage that is similar to a 
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Helicopter 

Single rotor, 
toil off 
Single rotor, 
toil on at 0° 
Tandem, forward 
center of gravity 

Tandem, forward 
center of gravity 

Single rotor, 
tail on at 7° 
Tandem, rearward 
center of gravity 


I 2 

Modified ongle -of -attack stability parameter. 




Mq 


+ £ 


WV 




Flight 

condition 

Level 

Level 

Level 

Partial 

power 

Level 

Level 


Source of derivatives 


Flight measurements 


Flight measurements with 
theoretical corrections 


Figure 9. — Comparison of maneuver stability predicted from measured stability derivatives and from pull-up time histories such as in figure 
8 The times for the normal-acceleration time historv during the pull-ui) to become concave downward are noted above the data points. 


La 


h 


lielicopter already Hying, the necessary stability derivatives 
can be ineasiired in flight by the techniques described in this 
])art of the report. These measured stability derivatives 
can be used with the chart presented herein in studying the 
maneuver stability of these helicopters. For example, if 
tests such as that called for in the criterion of reference 
indicate a prototype helicopter to have maneuver instability, 
the significant longitudinal-stability derivatives of the heli- 
copter can be measured in flight by means of the techniques 
described in this section and then plotted on the chart. 
Then, the magnitude of the changes in the stability deriva- 
tives necessary to produce marginal maneuver stability can 
be determined. These theoretically predicted changes can 
be used as bases for design studies of practical methods of 
achieving satisfactory maneuver stabiliyv. Th^most ])rac- 
tical changes to make are probably in d/« and Mg by means 
such as those discussed in reference 1. It should be noted 
that changes in Mg vary the modified angle-of-attack 
stability ])ararneter. 


After the techniques for flight measurement of the signifi- 
cant derivatives are described, sample calculations are per- 
formed. The calculations, which are for the helicopters in 
figures 4 and 5, are used in the comparison discussed in the 
previous section. 

TECHNIQUE OF FLIGHT MEASUREMENT OF SIGNIFICANT 
LONGITUDINAL-STABILITY DERIVATIVES 

111 this section, techniques for measuring in flight the 
derivatives of lift and pitching moment with respect to angle 
of attack and pitching velocity are discussed. 

LIFT-CIIKVE-SLOPE AND ANGLE-OF ATTACK STABILITY DERIVATIVES 

The technique used to measure the lift-curve-slope and 
angle-of-attack stability derivatives of a helicopter in flight 
can best be understood by comparison with a possible wind- 
tunnel technique. 

Wind-tunnel technique. —Assume a helicoiiter mounted in 
a wind tunnel at a particular flight condition, with pitching 
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moments about the center of gravity trimmed to zero by 
means of longitudinal positioning of the control stick. Let 
this original flight condition be specified by the three pa- 
rameters Mo, ^ 0 , and {CtIo)q. 

As indicated in reference 10, the flight condition of a rotor 
is specified by three independent parameters. In reference 
10, the three parameters are m, and X, where X is the inflow 
ratio. For convenience in this discussion, the parameter 
Crjo' is used instead of X. The value of the rotor angle of 
attack is fixed by the values of m, and B. 

Next, assume that the angle of attack of the helicopter is 
increased, so that an increase in thrust is produced, the rotor 
speed and pitch lever being kept constant; also, assume that 
the control stick is moved longitudinally to retrim the pitch- 
ing moments to zero. The modified flight condition is 
specified by the following parameters: 


where 


Ml, ^1, (f'V/o')! 


Mi = Mo 


0\ — ^0 


{( \'l o) \ ^ {( \! <j) Q 


The lift-curve slope of the helicojiter, whether single or 
tandem rotor, can be determined from the measured changes 
in thrust and angle of attack of the axis of no feathering. 

The angle-of-attack stability can be computed from the 
measured change in control-stick position. If the control 
stick were returned to its initial position, a pitching moment 
would be produced on a single-rotor helicopter equal to 


AM=AB,/ro+yr)f> { 




or 




+ 

<1 

II 







where A/^i^ is the measured change in cyclic pitch. 

The first term in equation (30) accounts for pitching 
moments due to thrust-vector tilt; the second term accounts 
for those due to the centrifugal forces in the blades combined 
with the offset flapping hinges. The second term was de- 
rived by assuming that the centrifugal forces in the blades 
act along the blade spanwise axis. The da' Ida and dai/da 
terms account for the usual instability of the rotor with angle 
of attack. Inasmuch as these terms are normally much less 
than unity, they can be obtained to a sufficient degree of 
accuracy, bv neglecting any effects of stalling, from refer- 
ences 8 and 10. If a horizontal tail surface is linked to the 
control stick, its contribution to AM must be added to 
equation (30). The angle-of-attack stability is obtained by 
dividing AM by Aa. 

For a tandem helicopter, the pitching moment due to 
returning the stick to its original position is 


AM =2 Ad /single rotor + A 7" ~ 


rr<l 

9 


= 2A.\L 


.single rotor 


+ A/^, 


dA^ d(6VM ^0 <l 
^dlh de {Crier), 2 




where 

AT difterence in thrust between the two rotors 
T, original thrust per rotor 
dAB 


dB, 


ratio of differential collective pitch to cyclic pitch due 


to longitudinal stick motion rigged into the tandem 
helicopter and where Ad /single rotor is given by equation (30) 
d{(\l(r) 


and 


dB 


can be obtained from the charts of reference 8. 


Alternativelv, could be obtained l)v measuring the 

- ^ dB ' ^ 


change in thrust with change in collective pitch. 

The angle-of-attack stability is again obtained by dividing 
AM I)v Aa. 

Flight technique. — If it were attempted to use the wind- 
tunnel technique in flight, a complication would develop in 
that, as soon as the angle of attack was increased, the result- 
ing thrust increase would produce a pull-up, and hence 
unsteady flight conditions. The basic feature of the flight 
technique described herein is to obtain the increase in Crl<r 
by reducing the rotor speed and retaining the original value 
of thrust, so that data can l)c taken under steady flight 
conditions. The pitch lever is kept fixed as in the wind- 
tunnel technique. The forward speed is reduced in propor- 
tion to the rotor speed to maintain the same tip-speed ratio. 

In more detail, the flight technique consists of taking 
approximately a 2-minute record of the original flight condi- 
tion. The forward speed and rotor speed are then reduced in 
proportion, the latter by reducing power. Because of the 
transient reduction in thrust, the helicopter will start to 
descend; the descent will result in an increase in rotor angle 
of attack sufficient to bring the thrust back to the original 
value, and hence equal to the weight. Another 2-minute 
record is taken. Inasmuch as both flight conditions are 
steady, the longitudinal stick position must be such as to 
trim pitching moments to zero. 

Thus, if the techniques are considered in terms of non- 
dimensional quantities, the flight technique is identical to the 
wind-tunnel technique. The original values of m. Crier, and 
B are duplicated as are the modified values of g, Crier, and B. 
The change in angle of attack in flight is the same as in the 
wind tunnel inasmuch as a is specified when /x. Crier, and B 
are specified. 

The lift-curve-slope derivative, whether for a single or a 
tandem helicopter, can once again be determined from 


AiCrler)^ 

Aa 


The change in Crier can be obtained by measuring 


the rotor speed during the two runs. The change in a can be 
obtained by measuring forward speed, rate of descent, 
longitudinal fuselage inclination, and longitudinal cyclic 
j)itch during the two runs. 

The angle-of-attack stability at the normal value of rotor 
speed can be obtained as in the wind tunnel by using equa- 
tions (30) or (31) and the measured change in longitudinal 

^ {Crier) 
dB 


stick position. The derivative 


for equation (31) 


can be measured in flight, if desii-ed, by jierforming collective- 
pitch pull-ups. 

Methods for measuring in flight many of the quantities 
mentioned in this section are discussed in reference 12. 
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Additional considerations in the use of the flight tech- 
nique. In the section entitled ‘‘Assinn])tions/’ it is siig- 
gested that, because tlie stability derivatives may not lie 
constant, a pull-up of 1.4,^/ be assumed and the derivatives 
be evaluated at \ .2(j or over the range from l.(h/ to \A(j. 
Thus, for the determination in flight of the lift-curve-slope 
and angle-of-attack stability derivatives, the percentage 
reduction in rotor speed in going from the original condition 
to the modified condition should be about one-half the 
])ercentage increase in normal acceleration. For the test 
helicopters of figures 4 and 5, a reduction in rotor speed of 
no moi-e than approximately 10 percent is i)ermitted. 
Although the derivatives thus measured correspond to a 
1.2^ pull-up, the actual pull-ups made were somewhat 
larger. For this reason, the measured lift-curve-slope and 
angle-of-attack stability derivatives may i)e somewJiat in 
error. This error would be more serious if large amounts of 
stalling, and hence nonlinearity in the stability derivatives, 
were prescmt. 

One term that must be added to the angle-of-attack sta- 
bility as measured in flight for iis(‘ in the j)ull-up analysis is 
the contribution due to the (lisi)lacement of the stick from 
its trim position, as mentioned in the section on ^‘Assump- 
tions.’’ This term arises from the resulting dis])lacement of 
the thrust vector from its trim position so that increases in 
rotor thrust have a different moment aian about the centei- of 
gravity. This correction is to the (d/a)r term in d/«. Thus, 


U\L)r=- 




1 + 


ba' \ AT 


Aa 


da ) 


Another error in tlu‘ flight techni({ue of measuring the 
lift-curve-slo])e and angle-of-attack stability derivatives 
arises if the rotor blades undergo a significant amount of 
twist. Inasmuch as the l)lade torsional stiffness is not 
scaled down along with the redu(‘ed dynamic pressure, less 
blade twist will take place during these stability-derivative- 
measuring flights than during the actual pull-up maneuver. 
For a 10-percent reduction in forward and rotor speed, the 
dynamic pressure would be reduced apiiroximately 20 jiercent 
from its usual value and hence apiiroximately 20 percent of 
the blade twist occurring during the i)ull-ups would be 
missing. This error should be small except jierhaps for 
blades of unusually low torsional stiffness or during condi- 
tions of extreme stall, when the chordwise position of the 
center of jiressure is well behind the chordwise jiosition of 
the center of gravity. Thus, eciuations (8) and (17) can be 
written with sufficient accuracy as follows: 



and 

Oo) 

where 6{Ma)r is given by ecpiation (82). 

For the s])ecial case of the single-rotor helicopter with no 
offset of the flapping hinges, ecpiation (85) can be written 


” V )m 1 


(;U5) 




do: / 


Aa 


To 

(CtIo)o 


(82) 


As also mentioned in the section on “Assum])tions,” 
ABi^ might normally l)c assumed equal to 1°. However, 
inasmuch as A/b^ was measured during the test pull-ups to 
be discussed, the measured value will be used. 

For th(‘ special case of the single-rotor helicopter with 
zero offset of the flapping hinges, the correction term of 
equation (82) can be j)ut in more convenient foi*m as a cor- 
rection to the ABi used in equation (80) as follows: 




= -JK, 


" \ da / \ O' / {( 


7o 


Solving: for 8 A/>’]^ yields 

5 A/f, =-A/f, 

C V 


MCr/a) 
(C t/^)o 
■ A{Ct / O') 
{C r/a){) 


( 88 ) 


The (luantity A{Ct/g) in equation (88) is the increase in 
(\i(j achieved during the flight measurement of angle-of- 
attack stability, inasmuch as 5 AB^^ is used as a correction 
term to AB^^ in equation (80). 


where h AB^ is given by equation (88). 

1)AMPING-I.\-PITCH .\ND LIFT-DIJE-TO-PITCHING DERIV.ATI VES 

The measurement in flight of damping in pitch involves 
measuring the change in stick ])osition, thrust coefficient, 
and rotor angle of attack in going from straight flight to 
steady turns at fixed values of pitch-lever position, throttle 
position, and forward speed. Preferably, UHidnute to 
2-minute records should be taken at each condition. The 
rotor speed will probably increase somewhat in going to the 
turn condition, while the forward sjieed will vary some from 
the desired value. The change in stick position needed to 
neutralize ])itching moments comes about from three causes, 
the angle-of-attack stability, the dam])ing in ])itch, and the 
change in tip-speed ratio. The contribution of angle-of- 
attack stability is computed with the use of the measured 
change in rotor angle of attack and the angle-of-attack sta- 
bility measurements described in the previous section. If 
the lift due to pitching is small, as is normally the case, the 
measured change in thrust coefficient should be used in place 
of the measured change in rotor angle of attack because of 
greater probable experimental accuracy. The contribution 
of tip-speed-ratio change is obtained by measuring the change 
in tip-speed ratio and comjiaring with a j)lot of stick jiosition 
against tip-speed ratio at constant jiitch and throttle 
positions. 
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Correcting for the contributions of angle-of-attack sta- 
bility and tip-speed-ratio change leaves the damping-in-pitch 
contribution to the change in stick position. Then, by use 
of equation (30) or (31), the pitching moment due to the 
pitching velocity can be computed. The pitcliing velocity 
itself can be measured, and the damping in pitch determined 
by dividing AM l>y q. 

If aii}^ blade distortion takes place in going to the turn 
condition, it is caused by both the angle-of-attack changes 
and the pitching velocity. As discussed i)reviously, the 
technique for measuring angle-of-attack stability accounts 
for only about 80 percent of the effects of dynamic blade 
twist that occur during the pull-up maneuver. During the 
steady turns, however, the entire 100 percent is present. 
Thus, after the measured value of angle-of-attack stability 
has been subtracted, about 20 percent of the effect of blade 
twist due to angle-of-attack stability will remain in the 
measured damping in pitch. However, it might be pointed 
out that, by use of this technique for measuring dam])ing in 
pitch, the effects of such errors in the measurement of angle- 
of-attack stability are minimized. If, for example, the 
measured angle-of-attack stability is in error on the side of 
too much instability, the damping in ])itcli will be in error 
on the side of too much damping in pitch. It can be seen 
from figure 2 that these two errors tend to compensate. 

Thus, equation (16) can be written with sufficient accuracy 
as follows: 



In order to obtain the lift due to jiitching, the contribution 
of the angle-of-attack change to the increase in TV/o- in 
going to the turn condition is obtained from the lift-curve- 
slope measurements described previously and subtracted 
out, leaving the contribution of the pitching velocity to the 
change in CtI(^- 

Lift due to pitching velocity can be produced in the single- 
rotor helicopter if it is equipped with a gyroscopic device 
which changes longitudinal cyclic pitch in proportion to the 
pitching velocity. If the helicopter is so equipped, there is a 
resultant change in rotor angle of attack, and hence rotor 
thrust, with pitching velocitAL Another possible source of 
lift due to pitching is a change in rotor stalling. A nose-up 
pitching velocity, for example, causes a forward tilt of the 
rotor tip-path plane with respect to the axis of no feathering. 
The accompanying upward blade flapping velocity on the 
retreating side reduces the blade-tip angle of attack. Thus, 
any retreating-tip blade stalling is reduced by a nose-up 
pitching velocity with a resultant increase in thrust at 
constant rotor angle of attack. 

If no gyroscopic device is jiresent and rotor stalling is not 
severe, the lift due to pitching is small and probably within 
the experimental accuracy in the measurement of the change 
in rotor angle of attack in going to the turn condition. If so, 
lift due to pitching is best assumed equal to zero. 

It should be pointed out that it is desirable to make turns 
in both directions and average the results in order to eliminate 
such effects as pitching moments due to yawing velocity. 


COMPUTATION OF STABILITY DERIVATIVES 


SINGLE-ROTOR HELICOPTER 

The pertinent longitudinal-stability derivatives for the 
single-rotor helicopter of figure 4 without and with a hori- 
zontal tail at approximately 70 knots indicated airspeed, 
level flight, are now computed by the techniques described 
in the previous section. These stability derivatives are used 
in part I for checking the chart presented herein. The ap- 
proximate physical characteristics of the helicopter used for 
these computations are listed in table I. 

Tail off. — Coni])arison between level-flight records at 70 
knots indicated airspeed and records at reduced forward and 
rotor speed for the configuration without a horizontal tail 
indicates (\jo- to increase by 0.020, the rotor angle of attack 
a to increase 4.2°, and the longitudinal cyclic pitch to change 
0.43° in the forward direction (unstable). Thus 


A((\!g)_ 0.020 


-=0.27 per radian 


A a 4.2/57.3 

The trim value of (\!a is ecpial to 0.088. Thus, with the 
use of equation (34) 

A_^V/a) 

(jLa^ (J Aa 

irr irr (rv/cr)o 


32.2 


0 


^ 0.9 
= 0.8 


(1.467) (1.152) 


0.27 

0.088 


Inasmuch as the single-rotor helicopter under study has 
no offset of the flapping hinges, equation (33) aj)plies. 
Thus 


5 A/^, =-AlU 

c *p 


0.020/0.088 
1 + 0.020/0.088 


The value of ABi^ measured during the pull-up maneuver 
to be used as a basis of comparison was —1.1°. Thus 

5 A/^i^-=-(-l.l)0.185 
' = 0 . 20 ° 


Then using equations (30) and (36), with da'Ida from 


TABLE I.— APPROXIMATE PHYSICAL CHARACTERISTICS 
OF SIXGITXROTOR HELICOPTER 


Gro.'^.s weight, lb - __ 4, 900 

Pitching moment of inertia about center of gravity, sliig-ft 7, 000 

Height of rotor hub with respect to center of gravity, ft 6. 5 

Offset of flapping hinge from center line of rotor shaft, ft 0 

Number of blades 3 

Rotor diameter, ft _ 48 

Tip-speed ratio, /i - _ . . 0.25 

Solidity (chord weighted according to radius 2), a. - .0. 063 

Density ratio 0. 9 

Ratio of thrust coefficient to solidity, Ct/g - - 0. 088 

Blade mass factor (ratio of air forces to inertia forces) __ 9 

Longitudinal cyclic pitch per inch of stick deflection, deg 0. 8 
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ivliTTiice (S, yields 


jj _ 043 + 0 .^) 

^ 4 2 



().02() 

0.088 


^ ().r)(l + ().19)4900 


= 7000 ll)-fl/ra(lian 


Thus 


4/«^7000 

/r~7000 


= 1 .0 Ih-ft/radiaii/slug-ft^ 


The (lamping in piteli of the helicopter was measured at 05 knots, hut the 5-knot differenee in forward speed is not 
considered significant. The rotor stalling during the pull-up and the turn was not very severe. Thus, inasmuch as no 
gyroseo|)ie device to change longitudinal cyclic pitch is present in tlu' test helico|)ter, lift diu' to pitcdiing is assunuHl ecpial to 
zero. 

The following ([uantities were measured or computed for the t(‘st single-rotor lielicopter in going from the level-flight 
condition to the steady-turn condition: 


From angle-of-attack stability measurements at ()5 knots, the effect of the angle-of-attacdc change on A/^i was found to 
he 0.84°. This value was based on the change in Crja in going into the turn, inasmuch as lift due to pitching is assumed 
ecpial to zero. Thus, correcting for Aju and Aa yields 




A/^i =— {).()! ° 


A(rV/o-) = ().() 10 


A/i = () 


Ary = 0.12 radian/sec 


A/^i^= -0.01 -0-0.84 
= — 0.05° 


= — O.OH) radian 


Then substituting into eciuations (80) and (87), with da/da obtained from reference 8, gives 



= — ()200 Ih-ft/radian/sec 


Thus, 



Th(' modified angle-of-attack stability parameter for use in figure 8 is as follows: 



1.0(1— 0) — 0-0^0.70 + 
0.58(-0.0)T 0.12(-0.0)- 



0.8 
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Tail on. — The single-rotor helicopter of figure 4 was equipped with the biplane tail surface shown in figure 6. The loca- 
tion and principal dimensions for the biplane tail surface are given in figure 7. The tail-surface incidence was 0° with respect 
to the rotor shaft. 

The previously described ])rocedures for measuring angle-of-attack stability, lift-curve slope, and damping in pitch were 
repeated foi* the tail-on condition. 

The following values were obtained (with the lift due to pitching once again assumed to be equal to zero): 






M, 




y^"A’+o.7n+().r)8( T'+/j! 




(J 


= 0.2 


in 




TANDEM-ROTOR HELICOPTER 

The stability derivatives for the tandem-rotor helicopter 
of figure 5 at approximately 70 knots indicated airspeed in 
level flight and with power reduced approximately 50 percent 
are now computed by the previously described techniques. 
These derivatives are used in part 1 to check the chart 
presented herein. The approximate physical characteristics 
of the helicopter are listed in table II. The center of gravity 
was approximately 13 inches forward of the midpoint between 
the rotors. 

Level flight. — Comparison between level-flight records at 
70 knots and records at reduced rotor and forward speed 


TABLE II.— APPROXIMATE PHYSICAL CHARACTERISTICS 
OF TANDEM HELICOPTER 


Gross weight, lb 

Pitching moment of inertia, sliig-ft^ _ _ 

Height of rotor hub with respect to center of gravity, ft 

Assumed offset of flapping hinge from center line of rotor shaft- 

Number of rotors 

Number of blades per rotor _ 

Diameter of each rotor, ft 

Distance between rotor shafts, ft 

Tip-speed ratio, /i. 

Solidity (chord weighted according to radius^), a _ 

Density ratio 

Ratio of thrust coefficient to solidity, Cy/o- 

dAd 

dBi 

Longitudinal cyclic pitch per inch of stick deflection, deg 

Blade mass factor (ratio of air forces to inertia forces) 

Horizontal stabilizer area, sqft 

Total vertical stabilizer area, sq ft 

Allowable center-of-gravity range, in. forward of midpoint 
between rotors — 


6, 700 
40, 000 
6 
0 
2 
3 
41 
42. 3 


0. 23 
0. 052 

0 . 9 
0. 081 

1 . 0 

1 . 0 
9 
40 
50 


1 to 18 


indicates CV/o- to increase by 0.019, the rotor angle of attack 
a to increase by 5.8°, and the longitudinal cyclic pitch to 
change 0.42° in the forward direction (unstable). Thus, 


A ( Ct /( t ) 

Aa 


0.019 

5.8/57.3 


=0.19 per radian 


Using etpiation (34) gives 




(j /AL\ _ (I Aa ... 

(CrMo 


yCr/fr) 
Aa 


32.2 


(CtI<t)o 

0.19 


VO. 9 


= 0.6 


A change in stick position corresponding to —0.6° change 
in cyclic pitch was used during the pull-up maneuver to be 
used for comparison with the chart presented herein. Thus, 
from equation (32), with da'/da from reference 8, 


d\L-- 


-(—0.6) c-nn 

-^^(1 + 0 . 12)6 ^^08 


= 1100 Ib-ft/radian 

From equations (31) and (35), with da^/da and 
reference 8, 

r/=2^(l+^b(l+0 12)™ 

" 5.8 V ^0.081/ ^ 2 

6700 42.3 

= 57000 Ib-ft/radian 


dCr/o 


dd 


from 


+ 


1 () 
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Thus, 

.\/„_57()00_ 

“4000()~ ■ 

The (lamping in ])iU*h of tlu' taiuhnn lu'licopter was nuTisnrcHl by tluy turning tc'chnicpio describod previously. Onec". 
again, the lift due to ])iteliing is assumed ecpial to zero. After eorreetions were made for the contributions of angle-of-attack 
stability and ti])-speed-ratio change, the change^ in longitudinal cyclic pitch was computed to be 

— 0. radian/radian/sec 

and the change in normal accelei*ation during the turn was O.b^ry. Thus, using ecjuations (31) and (37), again with da'/da and 
from reference <S, yields 


.\/,= - 0. 1 1+0.1 ;i)()(i + 0. 1 2)6700+ 


(-0.i;i)(l.0)(0.82), 


6700 42.:i 
2(0.081) 2 


: — 100000 


'I'llllS, 


00000 

40000 


'riio modified angle-ol'-allixek slahility parameter for use in fi>>:me 0 is eompuled lo he 


Ma 

I 




in 




1.4(l-0)-0-0+0.70 + 0..58(-2.r)) + 0.12(-2.r))2 
0.6 


= 2.0 


Reduced power. -Repeating (lie previous jxroeedure for the taiulem helieo])ter at 70 knots indicated airs])ced, power 
appro.ximately one-half that for level flight, gives 


{I 

in 


.+„=!.() 


•U. 

ly 


= -0.4 


ly 


= -1.7 





=-o.;5 


f.yL^+l^l 


CONCLUDING REMARKS 


Heeausc of the importanee of maneuver stability for helieopter eontsiet and instrument Hying, a tlieoretieal analysis of 
maneiivei' stability is made, 'riie results are pi'esentcal in the foian of a (diart which contains a boundary line separating satis- 
factory eomhinations of signitieant longitudinal stability derivatives from xmsatisfaetory combinations according to the 
criterion of noi'inal-aeceleration time histoiy ixresented in XAC’A 'rc'chineal .Note 1088. 

Good correlation is indicated for both a single-rotor lielicopter and a tandem-rotor helieopter between maneuvei’ stability 
as predicted by the chart and as measured during pull-up maneuvers. Thus, the theoretical axialysis is indicated to be valid. 
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Tecliiliques are (leseribed for nieasuriiig stability deriva- 
tives in flight. These derivatives are for use with the chart 
presented herein to aid in design studies of means for achiev- 
ing satisfactory maneuver stabilit}^ for a prototype helicopter 
or for a helicopter in the design stage that is similar to 
helicopters already flying. 

In predicting maneuver stability of a new type of heli- 
copter, the stability derivatives for use with the chart 
herein must be theoretically predicted. The problem re- 
mains of predicting these derivatives to the desired accuracy 
where significant amounts of j’otor stalling are present. 

Langley Aeronautical Labor.vtory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., June 9, 1953. 

APPENDIX 

EFFECT OF VARYING ROTOR SPEED 

As indicated in the assumptions, a sample investigation 
of the effect of varying rotor speed during the pull-up 
maneuver was made. Additional terms accounting for the 
effect of changes in rotor speed on lift and pitching moment 
were added to equations (7) and (15), respectively. An 
equation for equilibrium of shaft torque was derived with 
rotor speed as the dependent variable. This equation con- 
tained terms accounting for the change in rotor torque and 
engine torque with rotor speed, the change in rotor torque 
with rotor angle attack and pitching velocity, and the inertia 
torque. These three equations plus equation (19) were 
solved simultaneously by means of the Laplace transforma- 
tion for a combination of parameters taken from figure 2. 
The computed time history of became concave downward 
by 2.05 seconds. Thus the inclusion of rotor speed as an 
additional variable changed the time for the normal-accelera- 
tion time history to become concave downward b}^ about 
0.05 second, an insignificant amount. 

The result presented in the previous paragrajih is not too 
surprising in view of the compensating effects of rotor- 
speed variation. Permitting the rotor to speed up during 
the pull-up maneuver has two stabilizing eflects, one due 
to the reduction in fx with a resulting nose-down moment 


due to the stability with /x of the rotor, the other due to the 
increased rotor lift-curve slope. These stabilizing effects 
are compensated by a destabilizing effect due to the rotor 
inertia. Because of the inertia of the rotor, changes in its 
speed lag behind changes in angle of attack. Thus, when 
the angle-of-attack time history becomes concave downward, 
the rotor -speed time history is still concave upward, so that 
the start of the downward concavity in the time history of 
lift and hence of normal acceleration is dela>T'd. 
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